This research project deals with dynamic field testing of light-frame wood buildings with wood-5 based shear walls. The primary objective of the investigation is to evaluate the building code 6 formula for estimating light-frame wood building's fundamental period for seismic analysis, 7 through intensive field testing and numerical modelling. The project also aims to propose an 8 alternative simplified rational approach to seismic analysis of these structures. The paper 
Canada (NBCC 2015) , allow designers to analyze regular buildings (that are without significant 26 stiffness or mass irregularities) using equivalent static load methods due to their simplicity in 27 application. Also, the current Canadian building code provides procedures to determine wind 28 loads on structures of different types, but no specific guidance is provided to estimate the 29 fundamental frequency of a structure that should be considered when designing for wind load 30
effects. 31
For structures having light-frame wood shear walls as their lateral force resisting system, the 32 NBCC empirical formula for approximating the fundamental building period, ܶ , for seismic 33 load calculation, is a function of only the building height, ℎ : 34
The NBCC also provides formulas to estimate the fundamental period of other structural systems 35 such as steel moment-resisting frames, reinforced concrete moment-resisting frames, other 36 moment-resisting frames, and steel braced frames, in relation to seismic design. 37
There are several issues associated with using the current NBCC (2015) period formula for light-38 D r a f t 3 frame wood structures, including its suitability for light frame wood shearwalls and the scatter 39 associated with the measured data even when compared with buildings on which the formula is 40 based. The coefficients and exponents in these formulas (e.g. Equation (1)) were derived based 41 on regression analysis using the fundamental periods measured for several buildings in 42
California during the 1971 San Fernando earthquake (ATC 1978) . The measured data used for 43 the derivation of Equation (1) were taken on reinforced concrete shear wall buildings and large 44 scatter was observed in the collected data when the measured period was related to only the 45 height of the structures (Saatcioglu and Humar 2003) . It is therefore questionable whether this 46 equation can reflect the fundamental periods of buildings of other materials (such as in light-47 frame sheathed wood structures) and at different locations outside California where construction 48 practices may also significantly differ. 49
The current study provides a comprehensive database of light frame wood buildings and 50 develops an estimate for the building period that is more representative of this construction type. 51
An expression for an alternative building period is proposed in this paper which provides 52 significantly less spread in the data and incorporates key parameters that represent the building 53 mass and stiffness, rather than simply relying on the height of buildings, which is the case in the 54 current period formula (e.g. NBCC 2015) . 55
The following sections provide a review of the available literature and highlight the needs for the 56 current study. The experimental and numerical investigations are described and comparison 57 between them established. Also, the alternative period formula is proposed and discussed. 58
Previous attempts to improve the code period formula 59 D r a f t According to the NBCC, Equation (1) has general applicability to shear walls of various 60 materials, such as concrete, steel, and wood. Over the past few decades, the adequacy of this 61 equation has been questioned by researchers and efforts were made to suggest improvements. 62 Lagomarsino (1993) proposed a period formula as a function of building height based on 63 measurements made on 52 reinforced concrete buildings (including both concrete frame 64 buildings without shear walls and reinforced concrete shear wall buildings) in Italy. Other studies proposed equations for fundamental period estimate that incorporated building plan 73 dimensions as variables in addition to building height. A study by Goel and Chopra (1998) 74 evaluated the code period equation specified in US building codes (NEHRP-94; SEAOC-96; and 75 UBC-1997) based on field measurements of nine concrete shear wall buildings during strong 76 ground motions in California. There was large scatter in the measured data when compared to 77 periods obtained by code equations. An improved formula was then suggested, which 78 incorporated a parameter related to shear wall dimensions. Lee et al. (2000) focused on the 79 evaluation of the period formula in the Korean building code using a data base of 50 reinforced 80 concrete shear wall buildings whose periods were measured using ambient vibration testing. Fewer studies have been conducted on the dynamic characteristics of light-frame wood 97 buildings. Kharrazi (2001; 2006) investigated vibration characteristics of low-rise timber 98 buildings using ambient vibration, forced vibration, and full-scale shake-table testing. His 99 research focused on single-and two-storey houses with different sheathing configurations using 100 laboratory shake table testing for validation. The study established a correlation between 101 measured periods during ambient and forced vibration tests, and resulted in empirical formulas to 102 increase the period measured by AVT to predict the period expected during strong shaking. 103
Kharrazi suggested two relationships for the fundamental frequencies of wood frame houses, 104 exposed to low (Equation (2)) and high (Equation (3)) levels of seismic excitation. 105
Where ‫ܨ‬ and ‫ܨ‬ are fundamental frequencies extracted from forced vibration and ambient 107 vibration test records, respectively. The factor ∝ in Equation (2) takes on the values of 0.76, 108
1.03, and 1.42 for non-engineered, engineered and stucco houses, respectively. 109
The vibration behavior of wood-based buildings was also studied by Camelo (2003) who 110 developed a database of dynamic properties through analyses of available earthquake records on 111 five shearwall wood frame buildings instrumented by the California Strong Motion 112 Instrumentation Program, and by performing forced vibration testing on five other buildings 113 located in California. Eight sets of earthquake records were utilized to obtain the fundamental 114 frequency and damping ratio of one-, two-and three-storey wood frame buildings. Two full-scale 115 shake-table tests were also performed at University of California San Diego and University of 116 California Berkeley to validate the proposed period formula. The compiled database, excluding 117 the results of ambient vibration field testing, was analyzed to obtain the best fit curve for the 118 median fundamental period, T as a function of building height, h n (in feet). The median period 119 formula, in Equation (4), was proposed to represent the seismic behavior of wood buildings 120 more accurately than the formula provided in the Uniform Building Code (UBC-97). 121 
MEASURED BUILDINGS

153
In total, 47 light-frame wood buildings of both regular and irregular layouts, located in moderate 154 to high seismic zones in Canada, were tested and analyzed. The locations, heights and plan 155 geometries of all tested buildings are provided in Table 1 . 156 the signal is transmitted using radio waves. Multiple sensors were used for each test set-up, and 168 several set-ups were used for each building. A master (reference) sensor was placed at a fixed 169 location with good signal (that is with relatively large motion, typically on top floor or roof if 170 accessible) and multiple roving sensors were moved to the pre-identified locations determined by 171 studying building plans and access considerations. To obtain an accurate modal response, 172 synchronization of the recorded signals is essential; the sensors form a wireless chain and their 173 synchronization is achieved using radio antennas. Table 2 . It 217 should be noted that the dash in Table 2 indicates that no value could be extracted from the 218 records due to high noise. 219 
Comparison with NBCC and literature 271
The fundamental period results from the current study were compared with the expressions 272 developed based on data points obtained during low level earthquake shaking and forced 273 vibration tests conducted by Camelo (2003) Camelo's expression provides smaller periods than those obtained with Equations (2) and (3). As 287 expected, the periods calculated using the NBCC formula for seismic analysis are larger than 288 those extracted from AVM tests and calculated using Equation (4) and Equation (2) (for low 289 ground shaking). It is also seen that the NBCC curve lies between the best fit lines of the two 290
Kharrazi's models for predicting seismic periods representing low and strong ground shaking 291 (Equation (2) and Equation (3)). This observation is consistent with the assumption that the 292 NBCC formula is developed based on moderate-level ground shaking, but the main issue 293 remains its large uncertainty since the only variable considered is the building height. The main 294 and conservative for modifying the building period measured at ambient conditions. 298
Comparison with period equation for wind response 299
Whereas a modification of the measured periods at AVT level is needed for seismic design, AVT 300 periods can be directly compared with the code expression for the wind response period. In 301 
The plot in Figure 9 shows that Equation (5) provides a reasonable estimate of the fundamental 305
frequencies when compared with the tested structures. 306
A least-square curve fit with coefficient of correlation R 2 = 0.74 was used to approximate the 307 measured points from the current study, resulting in Equation (6), which provides estimates only 308 slightly lower than the Eurocode formula. 309
Given the variability in field measurements and the uncertainty associated with such crude 310 estimates of the fundamental building period, it can be concluded that the experimental results 311 
Deriving a Seismic Period Formula for Light-Frame Wood Buildings 316
The current study shows that Equation (1) provides higher period estimates than the measured 317 (AV) for wood shear wall buildings, and that considering the building height as the only variable 318 in the period equation is not sufficient to describe the dynamic characteristics of light-frame 319 wood structures. NBCC (2015) allows the use of so-called rational analysis methods other than 320 the empirical equation (Equation (1)) with the limit that the calculated period shall not exceed 321 twice the value obtained from Equation (1). In this part of the study, a simplified period 322 estimation method is suggested for light-frame wood buildings, based on the Rayleigh 323 approximation expressed in Equation (7). 324 
Where ܹ ௫ , ‫ܨ‬ ௫ are the seismic weight, and the force at level x, respectively, and ߜ ௫ is the elastic 325 lateral displacement due to force ‫ܨ‬ ௫ , ݊ is total number of floors, and g is acceleration due to 326 gravity. ߜ ௫ is taken as 1/݇, where ݇ is the lateral stiffness provided by shear walls at level x. 327
Nine buildings with known geometric and structural information, were studied to assess whether 328 the stiffness of shear walls can be expressed as a function of their length (see Figure 10 ). The 329 selection was made based on the availability of construction details and structural drawings, 330 including the dimensions of the building, the location and length of the shearwalls. 331 Table 4 . As discussed previously, a large spread was observed in the measured data when plotted against 355 the building code period formula, which is solely a function of the building height. Basic structural dynamics principles indicate that a building fundamental period is a function of 361 the building mass and lateral stiffness. The building mass can be estimated with reasonable 362 accuracy but since the majority of the mass is concentrated in the floors the floor area can be 363 used to estimate the mass. Similarly, the shear wall stiffness can be approximated by the wall 364 length aligned in the direction of interest. These practical simplifications allow the designer to 365 evaluate a preliminary seismic design of a building before specific details are decided. To 366 evaluate the fundamental building period dependency on these variables (height, stiffness and 367 mass), the measured periods are plotted against ቀ * ‫ܣ‬ቁ for the two orthogonal directions in 368 Figure 14 , where h is the building height, l is the total shear wall length in a given main 369 orientation, and A is the total floor area. 370 It can clearly be seen from Figure 14 that the scatter in the measured data is less (R 2 value of 372 0.81) than that presented in Figure 13 where only the building height was considered (R 2 value 373 of 0.27). For completeness, Table 5 gives the values of ቀ * ‫ܣ‬ቁ for each considered building. 374 The regression in Figure 14 presents a significant improvement over that found in the building 376 code for wood shear walls; however, since the best fit equation is based on measurements at 377 ambient vibration level, it cannot be used directly for estimating building period for the purpose 378 of calculating seismic base shear. In order to shift the proposed period expression to a level 379 appropriate for seismic design, the expression developed by Kharrazi (Equation (2)) was used. 380
The final form of the proposed period formula is presented in Equation (8), where values for 381 α=0.045 and β=0.36 are obtained by regression analysis that minimizes the error between the 382 data points and the fit expression. 383
A comparison of the building periods obtained by ambient vibration measurements, NBCC 384 D r a f t 31 formula (Equation (1)), Camelo's period formula (Equation (4)) and that estimated using 385 Equation (8) is presented in Figure 15 and Figure 16 for the transverse and longitudinal building 386 directions, respectively. 387 
(Longitudinal direction) 391
With a few exceptions, it can be observed from these figures that the proposed expression 392 (Equation (8)) yields period values that are lower than those obtained using the NBCC formula 393 (Equation (1)) and higher than those using Camelo's period formula (Equation (4)). It should be 394 noted that Camelo's formula depends only on building height and therefore is not capable of 395 predicting different results in different principal directions. It should be emphasized that the 396 above analysis and proposed new period formula are predicated on the fact that Kharrazi's 397 equation (Equation (2)) is appropriate to modify AVT periods to earthquake level values. 398
Furthermore, the methodology used here extrapolates Kharrazi's equation and assumes it is valid 399 for taller wood buildings (up to six storey) than those used in its development (1-3 storeys) . 
